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Abstract 
Silver nanoparticles deposited on FTO conductive glass substrate have been incorporated within n-type WO3 films formed by a 
sol-gel method. A large enhancement in water splitting photocurrents under AM1.5 visible light irradiation for the WO3 
photoanode with embedded Ag nanoparticles was observed. The ability of Ag nanoparticle arrays on FTO to generate localized 
surface plasmons under visible wavelengths in the presence of the WO3 over-layer was confirmed by scanning near-field optical 
microscopy (SNOM) measurements. 
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1. Introduction 
 
Optical properties of silver and gold nanoparticles find application in a number of fields such as surface enhanced 
spectroscopies, near-field optical microscopy, chemical/biological sensing and various optoelectronic devices [1-4]. 
All these applications rely on the generation of surface plasmons, which are collective oscillations of the conduction 
electrons, excited when metal nanostructures are illuminated with specific wavelengths which depend on the size 
and shape of the metal features and the dielectric properties of the medium. Localized electromagnetic fields 
induced in metal nanoparticles by incident radiation lead to largely enhanced optical absorption and scattering. 
Recent applications in various thin layer photovoltaic cells demonstrated the effectiveness of incoupling of light into 
semiconductor films by scattering from plasmonic silver or gold nanostructures in improving the photocurrent 
spectral response of the cells [5-8]. In addition to their role as light scattering elements, the metal nanoparticles 
incorporated in the film may couple the plasmonic near field to the semiconductor thus increasing the absorption 
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cross section [8].Both these mechanisms contribute to a significant improvement in light trapping and, in several 
cases, to substantial gains in conversion efficiencies of the solar cells featuring plasmonic nanostructures. 
The issue is particularly sensitive for the devices including indirect band gap semiconductors characterized by 
long optical absorption pathways, frequently larger than the minority carrier diffusion lengths. This is, in particular, 
the case for the photoelectrochemical cells based on n-type oxide semiconductor film photoanodes such as tungsten 
trioxide, WO3, or hematite, Fe2O3, for which the hole diffusion lengths range from a hundred nm [9] to a few nm 
[10,11], respectively. For both these photoanodes, used for water splitting, a decrease in the effective optical 
absorption thickness may potentially bring about a significant improvement in the photocurrent efficiency by 
reducing the extent of charge recombination.  
In this paper we compare the effect of differing coverages of silver nanoparticle (NP) under-layers, deposited on 
conductive glass (F-doped SnO2) FTO substrates, upon photocurrent efficiency of mesoporous WO3 photoanodes 
operating either in an acidified sodium chloride or in a sulfuric acid solution. 
To assess the effectiveness of the deposited silver NPs to generate intense localized electromagnetic fields, a 
FTO/Ag NP film was also used as a SERS (surface enhanced Raman scattering) substrate in comparison with a 
standard silver colloid. Measurements employing scanning near-field optical microscopy (SNOM) were performed 
to demonstrate the localized surface plasmon excitation in silver NP layers and to investigate the resonance coupling 
between the confined electric fields generated in the Ag NPs and the WO3 dielectric top layer. 
2. Experimental 
 2.1. Sample preparation 
 
All tested samples were prepared on FTO conductive glass substrates (Solaronix TCO10-10, resistance 10 
ȍ/square). Silver layers were formed by sputtering from the Ag target (Johnson Matthey, 99.99%metal basis) under 
reduced pressure of 0.07 mbar and a current of 5 mA. The nominal (mass) thickness, 2 and 4 nm, of the sputtered 
layers was estimated from the calibration curve of the Sputter Coater Model SC7620 (Polaron). WO3 films having a 
thickness ranging from approximately 1 μm m to1.2 μm were prepared by a sol–gel method described in detail 
elsewhere [12]. The employed precursor consisted of a colloidal solution of (poly)tungstic acid and an organic 
structure-directing agent - low molecular weight polyethylene glycol (PEG) 300. The WO3 films were formed by 
three consecutive applications of the precursor, followed by annealing in oxygen at 500 °C for 30 min. 
2.2. Photoelectrochemical experiments 
 
Photoelectrochemical measurements were performed in a one-compartment cell equipped with a quartz window, 
allowing illumination of the WO3 electrode (exposed surface area of 0.28 cm2) with minimum optical losses. A three 
electrode configuration, with a platinum counter-electrode and a mercurous sulfate/mercury or a calomel reference 
electrode placed on the other side of the working electrode, was used. The measured potentials were converted to be 
referenced to the reversible hydrogen electrode (RHE) in the same solution. 
Photocurrent action spectra (i.e., incident photon-to-current conversion efficiencies (IPCEs) versus excitation 
wavelength) were determined by illuminating the sample with the light of a 500 W xenon lamp passing through a 
Multispec 257 monochromator (Oriel) with a bandwidth of 4 nm. The intensity of the light from the monochromator 
was measured by a model 730 A radiometer/photometer (Optronic Lab.). The photocurrent-voltage characteristics 
were recorded under an AM1.5 irradiation (ca. 100 mW/cm2) provided by an Oriel 150W solar simulator fitted with 
a Schott 113 filter and a neutral density filter. 
2.3. Raman spectroscopic measurements 
 
Raman spectra were collected in the backscattering configuration with a Labram HR800 (Horiba Jobin–Yvon) 
confocal microscope system equipped with a Peltier-cooled CCD detector (1024 x 256 pixel) using a diode pumped, 
frequency doubled Nd:YAG laser (emitting a 532 nm line). The confocal pinhole size was set to 200 μm and the 
holographic grating with 1800 grooves mm-1 was used. Calibration of the instrument was performed using a 520 cm-
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1 Raman signal of a silicon wafer. Ex situ SERS spectrum on a nominally 4 nm thick Ag film on FTO was obtained 
using a 50 x magnification Olympus objective. 
3. Results and discussion 
Small silver particles which exhibit (in air) plasmon resonances in the near-UV, blue-Vis range [1,8] are 
promising candidate to induce incoupling of light into a semiconducting WO3 film having a band gap of 2.5 eV, 
corresponding to the absorption onset at ca. 500 nm. The design of a WO3 photoanode incorporating plasmonic Ag 
NPs should, at first; prevent their corrosion when exposed to the electrolyte. This consideration dictated the choice 
of the embedded configuration, where the Ag particles deposited on the FTO substrate form an under-layer 
subsequently covered by the WO3 film [13]. Despite it’s mesoporous nature shown in a SEM image presented in 
Fig. 1, a ca. 1 μm thick WO3 film allowed to preserve Ag particles from etching by the acidic electrolytes. Stable 
water splitting photocurrents, strongly enhanced by the presence of plasmonic particles have been demonstrated 
[13]. Importantly, the largest photocurrent enhancement, observed for the photoanodes illuminated from the rear 
contact side, i.e. through the FTO substrate, points at the major impact of the plasmonic resonant light scattering and 
near-electromagnetic field effects.  
In Fig. 2A and B are shown top-view SEM images of the Ag NPs, corresponding to nominal (mass) thicknesses 
of 2 and 4 nm, on which WO3 films were subsequently deposited. With increasing the Ag film thickness, the shape 
of the particles changes from essentially hemispherical to elliptical with a clear tendency for the thicker film to form 
clusters. In both cases, as can be also observed on AFM images presented in Fig. 3A and B, substantial dispersion of 
Ag NPs sizes and shapes occurs. The mean particle size changes from ca. 10 nm for the thinner Ag film to about 35 
nm for the thicker one.  
The largely varying structural parameters of Ag NPs explain the occurrence of relatively broad maxima in the 
extinction spectrum of the nominally 4 nm thick film presented in Fig. 4. It is to be noted, in this connection, that, 
quite generally, the positions of the extinction maxima of the localized surface plasmon resonance of Ag NP arrays 
are known to change over an extended range of wavelengths as a function of the geometrical parameters [1]. 
Comparison of curves a and b in Fig. 4 shows the shift of the extinction maximum for the nominally 4 nm thick Ag 
film towards visible wavelengths (note also that the presence of several maxima in the extinction spectrum is 
attributable to multiple reflections occurring typically in thin, weekly absorbing films). 
 
 
 
Fig. 1. Typical scanning electron microscope (SEM) image of a ca. 1 μm thick mesoporous WO3  film deposited on FTO. The image was 
obtained with a Carl Zeiss AURIGA—CrossBeam Workstation operating at an accelerating voltage of 5 kV. The microscope was equipped with 
“in lens” SE and ExB detectors and with a bright-field STEM detector. 
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Fig. 2. Top-view SEM images of Ag NPs on FTO corresponding to the nominal (mass) thicknesses of (A) 2 nm and (B) 4 nm. 
 
Fig. 3. Atomic force microscopy (AFM) images of the Ag islands formed on FTO, corresponding to the nominal (mass) thicknesses of (A) 2 nm 
and (B) 4 nm. The topography of the samples was studied with a Veeco Nanoscope V AFM microscope equipped with a DiMultiMode V 
scanner. Tapping mode AFM (TM-AFM) - less destructive towards the surface of the sample-was employed. 
 
Fig. 4. UV/Vis spectra of (a) 4 nm and (b) 2 nm nominally thick Ag films deposited on FTO. The spectra were collected with a double-beam 
Shimadzu UV-2401 PC spectrophotometer with a 2 nm slit width and 0.2 nm resolution. An uncoated FTO glass slide was used as a reference 
sample. 
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To check the ability of Ag NP films on FTO to produce the electromagnetic-field enhancement within the range 
of wavelengths corresponding to the localized surface plasmon resonance, the films were employed as substrates in 
surface enhanced Raman spectroscopy (SERS) experiment. In Fig. 5 are compared Raman spectra of benzylidene 
rhodanine (BR) pre-adsorbed on the FTO/Ag substrate (curve a), respectively, taken on a silver colloid (20-30 nm 
particle sizes) suspended in a BR solution. The choice of benzylidene rhodanine as a probe molecule in this 
experiment was motivated by a great similarity of the SERS spectrum of BR adsorbed on colloidal Ag to the normal 
Raman spectrum of solid BR [14]., suggesting that the observed surface enhancement is due to an increased local 
electromagnetic field rather than to a charge-transfer effect. As shown in Fig. 5, the intensity of the Raman spectrum 
collected ex situ for BR adsorbed (after soaking in a 10-6 M solution of BR for 1 h) on FTO/Ag substrate is even 
larger than that obtained for BR adsorbed on a silver colloid. This result is a clear indication that the employed Ag 
NP films on FTO generate localized surface plasmons under illumination with visible light. As the BR molecule 
absorbs in the UV region, the use of a 532 nm laser line eliminates the risk of enhancement by a resonance Raman 
effect. Slightly changed pattern of the SERS spectrum for BR on the FTO/Ag film may be attributed to different 
sizes of the deposited Ag NPs in comparison with the silver colloid. Somewhat raised baseline might be a 
consequence of an insignificant contamination with carbon. 
Spectral photoresponses of the photoanodes were measured in 0.5 M aq. NaCl (pH 2) under low intensity 
monochromatic illumination having a bandwidth of 4 nm. The initial choice of that electrolyte was motivated by its 
ability to form an AgCl protective layer on the surface of silver particles which should minimize the risk of their 
etching. Actually, subsequent tests demonstrated that the WO3 photoanodes with the embedded Ag NPs produced 
also stable photocurrents in solutions of both sulfuric and methanesulfonic acid.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. SERS spectra of benzylidene rhodanine (BR) excited with a 532 nm laser line collected on (a) colloidal Ag suspension and (b) adsorbed 
on a nominally 4 nm thick Ag film on FTO. The inset shows Raman spectrum of FTO without silver, after 1 hour of immersion in a 1μM BR 
solution, exhibiting only two bands characteristic for F-doped SnO2. 
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Fig. 6. The photocurrent action (IPCE) spectra for WO3 films deposited on nominally 2 nm thick (A) and 4 nm thick (B) Ag layers. The spectra 
were recorded in an acidified (pH 2) 0.5 M NaCl solution. The electrode was illuminated from either the front x or the back i side. Symbol 
Ÿcorresponds to a pristine WO3 electrode illuminated from the front side. In Fig. 6 C are compared the spectra of the WO3 films on 2 nm thick 
(a) and 4 nm thick (b) Ag under-layers obtained under the back side irradiation. 
 
The IPCE vs. wavelength plots for the WO3 films deposited on nominally 2 nm and 4 nm thick Ag layers are 
presented in Fig. 6. For the IPCE spectra and subsequent photocurrent-voltage measurements two different cell 
configurations were used in which the photoanodes were illuminated either from the side of the WO3/electrolyte 
interface (the front side) or through the FTO substrate (from the back side). It is important to mention that the IPCEs 
determined in the back side configuration, were not corrected for the absorption losses within the FTO substrate.  
As shown in Fig. 6A, in the case of the photoanode featuring 2 nm thick Ag layer, the front side illumination 
results in a significant increase of the IPCEs in comparison with the pristine WO3 film due, principally, to the light 
reflection and scattering. Despite the light absorption within the FTO substrate, the back side illumination produces 
a slight increase of IPCEs in the range of short wavelengths (360-380 nm) absorbed close to the Ag particles, 
indicative of the occurrence of the resonant light scattering and near-field effects. These plasmonic effects become 
dominant for the WO3 film formed on 4 nm thick Ag layer, consistent with a marked enhancement of the IPCEs 
over the 350-410 nm spectral range (cf. Fig. 6B). Such behaviour is clearly the consequence of a more intense and 
broader absorbance of the thicker Ag layer (see Fig. 4). 
Fig. 7 shows photocurrent-voltage plots for a series of WO3 film photoanodes formed on Ag NP layers of 
different thicknesses, recorded under simulated AM1.5 (95 mW/cm2) irradiation. Those measurements were 
performed in a 1 M aq. H2SO4 solution both under the front side and the back side illumination. In all cases, the 
photocurrent enhancement, in comparison to the pristine WO3 film of the same thickness, was more marked than 
that observed during the IPCE measurements. We assign this difference to the fact that the photocurrents generated 
under particularly low intensity monochromatic illumination are too small to allow filling of the electron traps, 
present within the mesoporous WO3 film [13], which thus continue to act as recombination centres.  
The extent of the photocurrent enhancement increases with increasing the thickness of the Ag under-layer (cf. 
Fig. 7A and B) with the back side illumination resulting always in largest photocurrents – the behaviour which 
contrasts with the IPCE spectra in Fig. 6A). Again, like in the case of the IPCE measurements, the represented 
photocurrents were not corrected to take into account the absorption losses within the FTO substrate. Remarkable is 
an about 60% enhancement of the photocurrent – reaching a plateau already at a potential of 0.9 V vs. RHE - 
produced by the photoanode featuring 4 nm thick Ag under-layer. Note also a slight negative shift of the 
photocurrent onset potential, suggesting that the Ag NPs improve the electronic contact (decrease the potential 
barrier) between the FTO substrate and the WO3 film. 
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Fig. 7. Steady-state photocurrent-voltage plots for a series of WO3 photoanodes featuring Ag under-layers of varying thicknesses recorded in 1 M 
H2SO4 under AM1.5 irradiation. Curves (a , a1) and (b, b1) in Fig. 7A are for the photoanodes with 1 nm thick, respectively, 2 nm thick embedded 
Ag layers illuminated from the front side (the lower plots) or from the back side. In Fig. 7B are shown similar plots for the WO3 photoanode 
formed on 4 nm thick Ag layer recorded under the front side (curve a) and the back side (curve b) irradiation. Curves (c) in Fig. 7A and B are for 
the WO3 photoanode without silver illuminated from the front side. 
 
To further assess the ability of silver NP layers on FTO, used in our photoelectrochemical experiments, to 
generate localized surface plasmons under visible light irradiation we performed measurements using scanning near-
field optical microscope (SNOM). Subsequently, we tried to demonstrate occurrence of the resonance coupling 
between electromagnetic field generated by plasmon – active silver NPs and the WO3 dielectric top layer. In a 
SNOM experiment, the interaction between light transferred by microscope probe ended with a subwavelength size 
aperture and the plasmonic metal NPs leads to formation of highly confined electric fields resulting in enhanced 
transmission. The sensitivity of SNOM strongly depends on such features as size and shape of probe aperture, 
thickness of metal cover of the tapered tip or distance between probe and the sample surface. This is especially the 
case in measurements of metal NPs, where the near-field coupling between probe and the object is additionally 
fragile to size, shape and electric field skin depth of a metal particle. However, the spatial resolution of any other 
optical-imaging method is defeated [15,16]. It is to be noted, in this connection, that the wavelength corresponding 
to the extinction maximum, Omax, of the silver plasmon resonance is particularly sensitive not only to the NP size, 
height, and shape but also to refractive index of the surrounding material [1]. The situation is further complicated by 
the fact that in our study the Ag NPs were deposited onto conductive glass, FTO, substrate having high roughness 
factor. Such a surface significantly affects the optical properties of silver NPs and therefore determines a shift and/or 
enhancement in regular absorption maximum.   
The operational modes of SNOM employed in our investigations were transmission and inverted transmission 
mode. Both modes involve an aperture, with diameter less than 100 nm, scanning along the sample surface at 
approximately 10 nm distance from the surface. Control of the probe - sample distance relies on the detection of 
shear forces between the end of probe and the sample. The SNOM allows simultaneous measurement of topography 
of the sample together with optical transmission (reflection) in the near-field. Under scanning, the sample is 
illuminated by laser light coupled into fiber and then transferred to the tapered probe. Further, the light passed 
through the sample is directed via objective to the photomultiplier tube (PMT) [17]. In the inverted transmission 
mode, the sample is illuminated from the back side; in this configuration SNOM probe works as a detector which 
gathers transmitted light and directs it via optical fiber to the PMT. 
The nominally 6 nm thick silver NP layer deposited on FTO substrate (annealed prior to SNOM observations) 
was irradiated with two different wavelengths: O1 435 nm and O2 550 nm. It was found that the transmission of light 
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is enhanced by the Ag NPs, because the SNOM topography showing only large crystals of tin oxide (the FTO 
substrate) is entirely different from the PMT derived pictures, as it is presented in Fig. 8. It should be also noted that 
the pictures recorded by PMT under illumination with two different wavelengths are essentially the same, but some 
shining spots are more or less intense depending on the extinction maxima Omax of particular silver NPs.  
In the presence of a WO3 top layer, deposited over Ag NPs, the sequence of intensity of aforementioned hot spots 
was maintained. Therefore, an additional observation in regular transmission mode was performed to confirm silver 
plasmons excitation at a given wavelength of 532 nm.  
At the resonance wavelength Omax, excitation by incident light of localized surface plasmons leads to formation of 
highly confined electric fields, exhibiting enhanced near-field amplitude at the NP surface. In fact, as shown in Fig. 
9, a clear increase in light intensity both in transmission and reflection is observed. In a further perspective 
quantitative measurements are planned in order to assess the strength of the silver NPs-WO3 resonance coupling. 
 
 
A
 
B
 
 
Fig. 8. Shear force SNOM (left) and transmitted light PMT (right) images of a nominally 6 nm thick Ag film on FTO recorded under (A) 435 nm 
and (B) 550 nm irradiation. 
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Fig. 9. Transmitted and reflected light PMT images of a 6 nm Ag NP layer covered by a thin WO3 film. 
 
4. Conclusions 
Ag nanoparticles of different sizes were incorporated within ca. 1 μm thick WO3 film in an embedded 
configuration in which the semiconductor layer was formed on top of the Ag NP array deposited on the FTO 
substrate. The largest improvement of the photoelectrochemical performance for water splitting was observed for 
the WO3 photoanode featuring a nominally 4 nm thick Ag under-layer consisting of NPs with sizes ranging from 
approximately 10 to 50 nm. The fact that the electrode illumination from the back side, i.e. through the FTO 
substrate, resulted in the larger photocurrent enhancement is indicative of the occurrence of plasmonic, i.e. resonant 
light scattering and near field effects. Preliminary measurements using scanning near-field optical microscopy 
(SNOM) demonstrated the coupling of incident visible wavelengths with surface plasmons, generated in the Ag NPs 
embedded within the WO3 film, resulting in increased intensity of the transmitted light. 
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